In recent decades much attention has been given to the Arctic environment, where climate change is happening rapidly. Black carbon (BC) has been shown to be a major component of Arctic pollution that also affects the radiative balance. In the present study, we focused on 
radiative forcing of +0.3 W m -2 , which may have had a substantial impact on the climate in the Northern Hemisphere, while for Northern Russia it amounts to 0.2 W m -2 (Lee et al., 2013a; 2013b) . Airborne soot also absorbs incoming solar radiation thus warming the air and reducing tropical cloudiness (Ackerman et al., 2000) .
Biomass burning (BB) constitutes a major source of BC, in addition to incomplete combustion of fossil fuels (primarily coal and diesel) and burning of biofuels. BC is the most absorbing portion of carbonaceous aerosols, commonly referred to as "soot". Vegetation fires, either anthropogenic or natural, constitute a major source of atmospheric BC concentrations.
BC deposited on snow/ice surfaces reduces surface reflectance and can promote faster melting of snow/ice in the Arctic, which is tightly coupled to climate effects through snow-albedo feedback (Flanner et al., 2007 (Flanner et al., , 2009 Hansen and Nazarenko, 2004) . In addition, high aerosol concentrations in the Arctic Haze lead to the enhancement of cloud longwave emissivity (Garrett and Zhao, 2006; Lubin and Vogelmann, 2006) , leading to surface warming and accelerating the melting of snow/ice.
Model simulations by Stohl (2006) suggested that the contributions from BB to Arctic BC loadings, particularly from fires in Siberia, exceeded the anthropogenic contributions in the summer. Moreover, large amounts of BC from Siberia and Kazakhstan have been observed during aircraft campaigns over Alaska in spring 2008 (Warneke et al., 2009 ), which was a year with an unusually early start of the BB season in Northern Eurasia. Warneke et al. (2010) 
estimated that BB in Russia may have doubled aerosol concentrations in the Arctic
Haze during the spring. BC has been monitored at several surface stations in the Arctic (e.g.
Alert in Canada, Barrow in Alaska, and Janiskoski in Russia) for many years (e.g. Sirois and Barrie, 1999; Sharma et al., 2006; Quinn et al., 2008; Eleftheriadis et al., 2009; Gong et al., The INCA model simulates the distribution of anthropogenic aerosols such as sulfates, nitrate (NO 3 ), BC, particulate organic matter (POM), as well as natural aerosols such as seasalt and dust. The aerosol model keeps track of both the number and the mass of aerosols using a modal approach to treat the size distribution, which is described by a superposition of 5 log-normal modes (Schulz, 2007) , each with a fixed spread. To treat the optically relevant aerosol size diversity, particle modes were categorized in three ranges: sub-micronic (diameter < 1 μm) corresponding to the accumulation mode, micronic (diameter 1-10 μm)
corresponding to coarse particles, and super-micronic or super coarse particles (diameter > 10 μm). Compared to a bin-scheme, the treatment of the size distribution with modes was computationally much more efficient (Schulz et al., 1998) . Furthermore, to account for the diversity in chemical composition, hygroscopicity, and mixing state, we distinguished between soluble and insoluble modes. In both sub-micron and micron size ranges, soluble and insoluble aerosols were treated separately. Sea-salt, SO 4 , and methane sulfonic acid (MSA) were treated as soluble components of the aerosol, dust was treated as insoluble, whereas nitrate, BC, and POM appeared both in the soluble and insoluble fractions. The aging of primary insoluble carbonaceous particles transfers insoluble aerosol number and mass to soluble ones with a half-life of 1.1 days (Chung et al., 2002) . The deposition scheme used in the model is described in detail in Evangeliou et al. (2013) .
Model set-up, BC inventories and injection height
The simulations lasted from January 1 st , 2002 to December 31 st , 2013. The model ran in a nudged mode using 6-hourly ERA Interim Re-analysis data (ECMWF, 2014) with a relaxation time of 10 days (Hourdin and Issartel, 2000) . (Granier et al., 2011) . As it is explained below, emissions of MACCity (anthropogenic and BB) were used as the input source of the model worldwide, in which BB sources were derived from GFEDv3. In addition, we adopted BC emissions from BB in Northern Eurasia from 2002 to 2013 (FEI-NE) described in the companion paper (Hao et al., 2015) , while MACCity emissions were used for all the sources in other regions and for anthropogenic sources in Northern Eurasia.
Injection height is a key factor that controls transport and in turn deposition of BC emitted from fires. It is generally accepted that only explosive volcanic eruptions and strong crown fires (more common in North America than in Northern Eurasia) have the energy to inject pollutants from the surface into the stratosphere (Jost et al., 2004; Fromm et al., 2005) .
In a modeling study of mid-latitude supercell thunderstorms (Wang, 2003) , it was reported that these plumes could induce important transport into the lowermost stratosphere. These findings suggest that extreme convection, even unassociated with energetic forest fires, may represent an important pathway for rapid, efficient redistribution of gases and particles from the lowest levels of the atmosphere to the lower stratosphere or, more commonly, the upper troposphere. Nedelec et al. (2005) described such a case for a fire happening over Siberia.
However, injection of emissions in the lower troposphere is more common. Recently, Sofiev et al. (2013) published global maps of emission heights of wildfires that occurred between 2000 and 2012 reporting that about 80% of the smoke is generally injected within the PBL, while the rest is injected at higher altitudes. Here we follow the same pattern as Sofiev et al. (2013) for Northern Eurasia, where 90% of the emissions were injected below 1.1 km, while the rest in heights up to 1.5 km.
BC emissions from FEI-NE and MACCity
For the 12-year global simulations, anthropogenic sources of BC were adopted from the MACCity emission database. As regards to BB emissions, MACCity BB emissions from GFED3 were applied for all the regions outside Northern Eurasia, while within Northern Eurasia anthropogenic emissions from MACCity and BB from FEI-NE (Hao et al., 2015) were adopted. In summary, BC emissions from BB, excluding agricultural fires, in Northern Eurasia were estimated based on the area burned, fuel loading, percentage of the fuel burned, and emission factors of BC from different vegetation types (Hao et al., 2015) .
This combined simulation is hereafter referred to as FEI-NE+MACCity. For comparison, we carried out the same simulation but using MACCity emissions alone (i.e. BB emissions in Northern Eurasia were also taken from MACCity) for the same period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (from now on referred to it as MACCity simulation). The different simulations are shown in Table 1 . concentrations is not straightforward and requires certain assumptions (Petzold et al., 2013) .
Lifetime calculations
The mass absorption efficiency used for conversion can be specific to a site and is uncertain by at least a factor of two. For Tiksi, the conversion was done internally by the aethalometer.
For the other sites, a mass absorption efficiency of 10 m 2 g −1 , typical of aged BC aerosol (Bond and Bergstrom, 2006) , was used. Sharma et al. (2013) routinely subject to data cleaning, which removed the influence from local sources. Zeppelin generally was not strongly influenced by local emissions; however, summer values were enhanced by some 11% due to local cruise ship emissions (Eckhardt et al., 2013) .
Results

Emission, transport and deposition of BC
Northern Eurasia encompasses diverse ecosystems including forest, shrubland, cropland, grassland, and savanna (Friedl et al., 2002) . The total burned areas (excluding agricultural fires) during the period of 2002-2013 were estimated to be 250,000 km 2 yr -1 (n = 12) (Hao et al., 2015) , which consisted of 61% of grassland and 27% of forest. Grassland fires occurred predominantly over Central and Western Asia, and forest fires over Siberia in Finally, when using MACCity emissions, both from anthropogenic and BB sources, the estimated average deposition of BC over the Arctic was 56±8 kt yr -1 for the period 2002-2013. Consequently, Arctic deposition was lower by 45% compared to FEI-NE, when BB emissions of BC from GFED (MACCity) were used. the Arctic. For any soluble species emitted in the PBL, the lifetime is controlled by the removal, which happens within a few days if it is not transported to the free troposphere. Two weeks after being injected in the atmosphere, most of the tropospheric aerosol has been scavenged through wet deposition, whereas aerosols that have been transported into the high troposphere/lower stratosphere persist, given the absence of wet scavenging at these heights. The total aerosol mass and the lifetimes are then dominated by the stratospheric loading (Cassiani et al., 2013) .
Aerosol lifetime and seasonality of BC
Mean aerosol lifetimes from global models are typically in the range of 3-7 days (Benkovitz et al., 2004; Textor et al., 2006) , very similar to our estimations for BC, but more variable in this study due to the higher injection heights of BC in smoke plumes. As stated, in the present case of wildfires in Northern Eurasia, the lifetimes and the behaviour of BC was strongly affected by the fact that it was directly emitted aloft. Although 80-90% of BC was emitted inside the PBL, nearly 65% of the BC was emitted near the PBL height, while 10%
was injected above (according to Sofiev et al., 2013) .
In this study, we analyzed monthly values of both the Arctic BC burden and the mass deposited in the Arctic for all BC sources (FEI-NE+MACCity) and for BC produced from BB sources only over Northern Eurasia (FEI-NE). A strong seasonal variation can be seen in both Quinn et al. (2007) were the first to report that for BC over the Arctic, anthropogenic sources dominated during winter and early spring Arctic Haze conditions. We estimated that anthropogenic emissions accounted for 70% of the Arctic BC burden from all sources in the North Hemisphere during winter and fall and for 40% during spring and summer when vegetation fires are most frequent.
Vegetation fires from Northern Eurasia contributed 68% of the annual BC deposition over the Arctic coming from that same region (Figure 5d ), whereas anthropogenic emissions constituted a lesser share (32%). Northern Eurasian vegetation fires were the most numerous ones over the Northern Hemisphere; they contributed for 81% of the Arctic deposition of BC from North Hemispheric fires (Figure 5d ), while the rest came from other sources (e.g. BB in
North America).
Of the Northern Eurasian BB BC deposition in the Arctic, 95% was from Asia, while only 5% came from Europe. On a more regional basis, Siberia contributed 46% of the Northern Eurasian BB BC deposited in the Arctic, whereas Kazakhstan contributed 6%, and Mongolia only 1%. The rest was shared between fire events in Europe (5%) and elsewhere in Asia (42%) from areas that were not masked.
The relative contributions of fires at different latitudes to the Arctic BB BC deposition were distributed as follows: fires from the 35°-40°N latitudinal band over Northern Eurasia contributed only 7%, from 40°-50°N the contribution was 21%, 40% of this deposition came from fires at 50°-60°N, and 32% from fires above 60°N (Figure 5c ). Moreover, we examined the vertical distribution of BC over the Arctic for the different source regions (Figure 6 ). When emitted from Europe, BC over the Arctic was found mostly below 5 km (either in the PBL or the low free troposphere), while BC emitted from Asia was found in higher layers that extended up to the mid-to high-free troposphere ( Figure 6 ). contributed 67% to the surface Arctic pollution, whereas Europe and North America were 18% and 15%, respectively (16-year observations from Alert). Northern Eurasia appeared to be the main contributor in terms of Arctic BC during most seasons (Hirdman et al., 2010a ).
More recently, Stohl et al. (2007) and Warneke et al. (2009) reported that boreal and agricultural fires in Eastern Europe and in Siberia might be strong contributors to Arctic BC especially in the spring. Furthermore, Stohl et al. (2013) highlighted gas-flaring emissions in high latitudes as a major contributor to the Arctic BC.
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 Discuss., doi:10.5194/acp- -994, 2016 Manuscript under review for journal Atmos. Chem. Phys. Looking at other inventories and results from the Lagrangian particle dispersion model FLEXPART, we are convinced that local anthropogenic sources play an important role in the apparition of these peaks (Eckhardt et al., 2015) . It was already noted that our model underestimated surface concentrations at Alert and Villum stations during the Arctic Haze period. This is likely the consequence of an underestimation of Arctic transport in the model or a misleading emission inventory used for anthropogenic sources (MACCity). To verify it, we estimated surface concentrations of BC in the same longitude as the five Arctic stations, but five and ten degrees south in latitude (Figure S 4) . In all stations except Tiksi, surface concentrations increased to the south confirming that the underestimation by our model over the Arctic could be attributed to a too weak transport simulated towards the Arctic.
It has been reported that most models underestimated BC in the Arctic during winter and early spring (Eckhardt et al., 2015) , likely due to an improper representation of the scavenging processes (lack of below-cloud scavenging for solid phase water), the different emission profiles used for BC, and underestimated emission inventories used as input to the models (e.g. Koch and Hansen, 2005; Liu et al, 2011; Jiao et al., 2014) . Here, it is apparent that the BC concentrations over the Arctic are reasonable with the current model version compared toobservations, with a tendency to underestimate winter concentrations and slightly overestimate summer ones. The largest deviations occur at the station Tiksi, Russia. The station is located only a few kilometers away from Tiksi town and local pollution is likely to affect the measurements, as the town has both a small airport and a harbor. Despite these drawbacks at Tiksi station, the data from the station has been used to estimate the sources in Northern Eurasia (Cheng, 2014) . Eckhardt et al. (2015) compared both surface-and aircraft measurements of sulfate and BC in the Arctic to model output from eleven different models.
They found that the models generally underestimated the surface concentrations of BC and sulfate in winter/spring, whereas concentrations in summer were overestimated. They also found a strong correlation between surface measured sulfate and BC concentrations in winter/spring (anthropogenic impact), which indicated that the sources contributing to sulfate and BC were similar throughout the Arctic and that the aerosols were internally mixed and undergo similar removal. Neither Eckhardt et al. (2015) nor Samset et al. (2013) could isolate the reason to explain why some models performed better than the others.
In the present model configuration, we included emission inventory from FEI-NE and We also analyzed the influence of all anthropogenic and BB emissions from the regions (defined in Table 1 ) to the average surface concentration of the Arctic stations ( Figure 9 ). As expected, the predominant contributor to the surface concentrations of the Arctic stations was
Northern Hemisphere anthropogenic emissions (29-55%) (e.g. Shaw et al., 2010) . The explanation is twofold. On one hand, transport of BC from the southern latitudes to the Arctic takes place as the air-masses follow the trajectories of potential difference in temperature (a dome effect), they are lifted up leaving the surface, especially from North America and Asia (China). On the other hand, the transport from Russia/Siberia during the winter/spring is closer to the surface due to large anthropogenic emissions that are also effectively transferred from Europe. In addition, transport of BC from Russia/Siberia is less efficient during summer due to pressure systems that block the BC transport. Fires from Northern Eurasia contributed less BC to Barrow, Zeppelin, and Villum, while this pattern changed for Alert and Tiksi stations ( Figure 9 ). This shows that emissions from Northern Eurasia may extend up to the American Arctic (Barrie, 1986) . The region marked as "other" in Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 Discuss., doi:10.5194/acp- -994, 2016 Manuscript under review for journal Atmos. Chem. Phys. 
Transport efficiency of BC to the Arctic
In this section, we examine the relative roles of different regions to emitting BC that will ultimately be deposited over the Arctic. To do so, we computed the probability of BC emitted from different regions to reach the Arctic. We defined the transport efficiency to the 1-6% in autumn and winter. Overall, the transport and subsequent deposition of BC from Asia was more effective than from Europe (12% of the BB emissions from Asia were deposited in the Arctic, whereas only 5% of the European BB emissions reach the Arctic), which was attributed to the fact that European BC tends to remain close to the PBL ( Figure   10 ), whereas the Asian BC mixes up rapidly into the free troposphere (Stohl et al., 2002) .
Therefore, European BC was much more affected by removal processes since its transport to the Arctic is much less efficient.
In contrast, Siberian BC was deposited very efficiently to the Arctic in summer and autumn similar to fires above 60°N (besides, Siberia covers the Asian part of the 60°N-90°N area). However, it was evident from our results, that in our model the most efficient regional transport of BC to the Arctic occurred in the summer months and was attributed to vegetation fires in Kazakhstan and Mongolia (apart from Siberia, Figure 10 ). To summarize these results, the highest transport efficiencies in our model occurred in the spring and summer for all Northern Eurasia. This may be a result of (i) extreme fire events, (ii) the relatively weak removal processes occurring in mid-and high-latitudes which favor transport without removal of BC, and (iii) the imposed fixed injection profiles used in these simulations. MACCity emission inventory, our simulations suggested that 10-17% (average: 8%) more BC was emitted by FEI-NE+MACCity, while FEI-NE biomass burning emissions were 3.5 times higher than GFED3.
The annual mean deposition of BC in the Arctic from vegetation fires in Northern
Eurasia was found to be 65±28 kt yr -1 for the 12-year period, which represents 45-78% of the BC deposited from all possible sources and origins. The combined run (FEI-NE+MACCity) brought around 55% (1218 versus 675 kt in total for the 12-year period) more BC to deposit over the Arctic environment comparing to the conventional MACCity emission inventory.
Arctic burden showed a strong seasonal variation, which peaks during late winter and early spring in the presence of the Arctic Haze. The peak in winter depicted the latitudinal transport of BC mainly from anthropogenic sources in Europe, whereas the peak in spring and capturing the trend in surface BC concentrations (a notable deviation was observed at Alert Alert). We estimated that vegetation fires in Northern Eurasia contributed 14% to 57% to the surface environment of these stations, mostly affected by fires that took place in Siberia. This showed the importance of fires occurring over Northern Eurasia in the Arctic BC budget.
However, anthropogenic sources also remain essential contributing 29% to 54% to the surface of the Arctic stations. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 Discuss., doi:10.5194/acp- -994, 2016 Manuscript under review for journal Atmos. Chem. Phys. show the most intense fire years (2003, 2006, 2008, and 2012) . The dashed blue line represents the border of the Arctic (~67°N).
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